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E-mail address: eperozo@uchicago.edu (E. Perozo)The molecular nature of the structure responsible for proton sensitivity in KcsA has been identiﬁed
as a charge cluster that surrounds the inner helical bundle gate. Here, we show that this proton sen-
sor can be modiﬁed to engineer a constitutively open form of KcsA, amenable to functional, spectro-
scopic and structural analyses. By combining charge neutralizations for all acidic and basic residues
in the cluster at positions 25, 117–122 and 124 (but not E118), a mutant KcsA is generated that dis-
plays constitutively open channel activity up to pH 9. The structure of this mutant revealed that full
opening appears to be inhibited by lattice forces since the activation gate seems to be only on the
early stages of opening.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Most potassium channels switch from a non-conductive to a
conductive conformation by structural rearrangements in two re-
gions of the permeation path, the inner helical bundle, located at
the intracellular end of the channel [1–8] and the selectivity ﬁlter,
towards the extracellular face of the channel [9–17]. In potassium
channels, the inner helical bundle moves during activation/deacti-
vation gating, initiating stimulus-dependent ion conduction
[3,4,6–8,18–21].
Activation gating requires an energy transduction step where a
specialized region of the channel converts speciﬁc types of physical
stimuli (i.e. voltage, ligand binding, force, etc.) into protein motion.
This is the case, for example, of the voltage sensing domain in volt-
age dependent channels [22,23] or the ligand binding domain in
cys-loop receptors [24,25]. The nature of this transduction step in
the prokaryotic K+ channel KcsA has recently been elucidated. A
cluster of charged residues located at the intracellular end of
TM1 and TM2 was identiﬁed as the proton sensor [26,27]. This
charge cluster exerts attractive/repulsive forces that stabilize thechemical Societies. Published by E
Biochemistry and Molecular
Chicago, IL 60637, USA. Fax:
.inner bundle helices in its closed or open conformations in a pro-
ton-dependent way.
Here, we have pursued strategies to engineer a constitutively
open channel by modifying the electrostatic balance within the
pH sensor charge cluster. The basic approach relies on combining
mutants, both in TM1 and TM2 segments, to bias the closed–open
equilibrium towards the open conformation. We show that a
charge-less KcsA mutant background with the additional muta-
tions H25Q and the presence of E118 as a charged group have an
additive effect when combined on the same open reading frame,
generating channels that appear to be constitutively open at neu-
tral pH. This also suggests that the interaction between these
two charges is only partial.
2. Methods
2.1. Side directed mutagenesis, protein expression and puriﬁcation
Wild-typeand theH25Q/E118+mutantwereexpressedandpuri-
ﬁed as described previously [28], with some modiﬁcations. Brieﬂy,
fresh competent XL10 cells were transformed with wt-KcsA-
pQE32. Solubilizationwas carried outwith 10 mMDDM in PBSwith
1 mM PMSF, at pH 7.5, for 1 h at RT spun down at 100 000 g for 1 h
and puriﬁed with Co2+ resin. The channel was eluted in 500 mM
Imidazole with 50 mM Tris and 150 mM KCl containing 5 mM DM.lsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics.
KcsA H25Q/E118+
Data collection
Space group I4
Cell dimensions
a, b, c (Å) 156.62, 156.62, 75.3
a, b, c () 90.0, 90.0, 90.0
Resolution (Å) 50.0–2.5
Rmerge or Rsym (%)a,b 5.0 (26.9)
I/rI 33.5 (4.5)
Completeness (%)a 99.5 (97.8)
Redundancy 4.4 (4.1)
Reﬁnement
Resolution (Å) 50.0–2.5
No. reﬂections 31 067
Rwork/Rfree (%)c 22.9/25.9
No. atoms
Protein 3922
Ion 7
Lipid 41
Water 12
B-factors
Protein 55.94
Ion 35.70
Water 50.33
r.m.s Deviations
Bond lengths (Å)d 0.006
Bond angles ()d 1.349
a Values in parentheses are for the highest-resolution shell (2.15–2.05 Å).
b Rsymm = R|I  hIi|/RhIi.
c R = R| Fo  Fc|/R Fo, 10% of the data that were excluded in the reﬁnement were
used in the Rfree calculation.
d RMSD of bond is the root-mean-square deviation of bond angle and length.
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Complementation growth assays were performed as described
[26] by transforming LB2003 cells with a plasmid containing theFig. 1. Designing a constitutively open KcsA by electrostatic repulsion. (A) Mutational str
TM1 and TM2 were neutralized to glutamine (charge-less background) and this serv
represented by bold letters. (B) Ribbon representation of the intracellular bundle region
dependent activation. Neutralized residues are shown in green, residue E118 in red. This
of residues H25 at the TM1 and R117, E120, R121, R122 and H124 at the TM2. (C) Isopo
Poisson–Boltzmann equation [30]. Shown are slices through the center of the channel and
E118+ mutant in 150 mM KCl. Calculated isopotential contours at 1kT/e (25 mV).test construct. Cell growth was evaluated in liquid or solid deﬁne
media with 1 mM KCl and supplemented with 0.5 mM IPTG. Mac-
roscopic 86Rb+ uptake experiments follow our described protocols
for KcsA [29] using 10 mM citrate-phosphate buffer and a Dowex
50-X8 column to remove extra-vesicular 86Rb+. Liposome patch
clamp experiments follow the protocols laid out in [14], with the
channels reconstituted into asolectin vesicles at a 1:10 000 protein
to lipid ratio (mass:mass).
2.3. EPR spectroscopy
Standard X-band CW EPR spectra were obtained from spin la-
beled and reconstituted channels as previously described [4] using
a Bruker ELEXYS spectrometer equipped with a super High-Q res-
onator at 2 mW incident power, 100 kHz modulation frequency
and 1 G modulation amplitude.
2.4. Electrostatic calculations
Electrostatic potential grid maps were calculated using the
linearized Poisson–Boltzmann equation by the Adaptive Poisson–
Boltzmann Solver (APBS) plug-in [30] within VMD [31], as de-
scribed in detail in [26] these calculations assume bulk pKa values
for the ionizable side chains. Electrostatic potential maps were
displayed using Pymol (http://pymol.sourceforge.net).
2.5. Crystallization of constitutively open KcsA
KcsA-open mutant was expressed and puriﬁed to homogeneity.
Protein stability was assessed by SDS protein-gels, western blot
and gel ﬁltration. The KcsA-open mutant was crystallized in the
presence of antibody Fab fragment by sitting drop method as de-
scribed previously [32]. Cubic shaped crystal of KcsA-Fab complex
appeared after a week in a sitting drop with the following compo-
sition 20–25% PEG400 (v/v), 50 mM magnesium acetate, 50 mMategy to generate a pH sensor with an individual ionizable side chain. Key charges in
ed as background to reintroduce the individual residues one-by one. Mutations
of the mutant H25Q/E118+, highlighting the cluster of charges responsible for pH-
constitutively open mutant was created by combining systematically neutralization
tential surface at the KcsA inner helical bundle calculated from the solution to the
across the pH sensor charge cluster (inset) for wt-KcsA at pH 7 (top) and the H25Q/
Fig. 2. Macroscopic functional assays. (A) LB 2003 E. coli strain complementation
assay of KcsA mutants. KcsA mutants H25Q and H25Q/E118+ are capable of
complement growth of the bacteria in a low potassium concentration media (1 mM
KCl). KcsA-wt, H25R mutant and an empty expression vector fail to recovery the
cells in the same growing conditions. (B) 86Rb uptake experiments of constitutively
KcsA-open mutants H25Q, E118+ and the combination H25Q/E118+. Activation
pKa:KcsA-wt = 5.89 ± 0.2, H25Q = 7.09 ± 0.48, E118 + 6.78 and the combination
H25Q/E118+ = 7.68 ± 0.2.
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spacing of 2.5 Å. Data was collected on beamline 22ID (SER-CAT)
at the Advanced Photon Source and processed with HKL2000
[33]. Since the expected structure is in the open state, we used only
Fab fragment and extracellular part of wt-KcsA (PDB 1K4C) with-
out the selectivity ﬁlter as search model for solving the structure
by molecular replacement. In the ﬁrst cycle of reﬁnement using
CNS [34] electron density corresponding to the intracellular part
showed up, which is ﬁlled up with the transmembrane helices by
manual rebuilding using O [35]. Multiple cycles of manual rebuild-
ing and reﬁnement was carried out till the complete model is built
into the electron density and the R-factors are lowered. Data col-
lection and reﬁnement statistics are given in Table 1.
3. Results
3.1. Engineering a constitutively open KcsA
All of the available experimental data [26,27,36] points to the
fundamental role played by the cluster of charged residues sur-
rounding the inner bundle gate in determining KcsA proton-depen-
dent activation gating. Based on this, and the evidence supportingto the role of electrostatic repulsion as the basis for gate opening in
KcsA [26], we reasoned that the best strategy to engineer a consti-
tutively open channel was to modify the electrostatic balance of
the charge cluster to bias the closed–open equilibrium towards
the open conformation. Initially, we focused on a charge-less con-
struct where all members of the cluster in the pH sensor have been
mutated to Glutamines (Fig. 1A).
The presence of a glutamic acid at position 118 in a charge-less
background (mutant E118+) promotes a sharp right-shift in the
pH-dependence of the activation curve [26]. Another potential can-
didate for charge engineering is E118 putative electrostatic part-
ner, residue H25 (Fig. 1B). When neutralized by substitution to
glutamine, H25Q also induces a large shift in the pH-dependence
of activation, leading to an increased level of channel activity at
neutral pH (by 86Rb+ ﬂux assays) [26]. If the H25–E118 interaction
is exclusive (i.e. forming an ion pair), the double mutant H25Q/
E118+ should not have an additive effect when combined on the
same open reading frame. Alternatively, a through-space Coulom-
bic interaction would maximize inter-helix repulsion and stabilize
the inner bundle gate in it open conformation at neutral pH. This is
shown qualitatively by solving the Poisson–Boltzmann equation
[30] using the H25Q/E118+ mutant and calculating the electro-
static surface potential at the KcsA inner helical bundle. Fig. 1C
shows slices through the calculated isopotential contours at
±1kT/e (25 mV) in 150 mM KCl pH 7, for a truncated form (with-
out C-terminal or N-terminal helices) of wt-KcsA (Fig. 1C, top) and
the H25Q/E118+ mutant (Fig. 1C, bottom), as a projected through
the core of the inner gate/pH sensor (inset). wt-KcsA is character-
ized by alternating positive and negative ﬁelds which, we have
proposed, stabilize the inner helical bundle in its closed conforma-
tion [26]. In contrast, the mutant H25Q/E118+ is characterized by
an excess negative potential ﬁeld generated by the sole negative
charge at E118. This would result in constitutively open channel.
3.2. Conformation of the activation gate
The properties of this open KcsA mutant (H25Q/E118+) were
evaluated by four independent approaches. When used to trans-
form the strain LB 2003 strain, which is incapable of growing in
low potassium media without an active K+-selective transporter
[37], H25Q/E118+ channels were able to strongly complement LB
2003 growth in both liquid culture (Fig. 2A) or agar plates (not
shown), compared with wt-KcsA or the positive substitution
H25R. Also, reconstituted H25Q/E118+ channels showed a large
shift in the apparent pKa of activation (pKa = 7.9 ± 0.1) to more ba-
sic pH as judged from 86Rb+ uptake experiments, so that a large
fraction of the total 86Rb+ inﬂux is already evident at neutral pH
(Fig. 2B).
These macroscopic estimations of channel activity suggested
that the H25Q/E118+ mutant show a higher level of activity under
conditions where wild-type KcsA is functionally silent. To investi-
gate the precise functional correlate of this constitutively open
gate channel we carried out stationary liposome patch clam mea-
surements. In sharp contrast with wt-KcsA, electrophysiological
recordings of H25Q/E118+ at basic pH (8.0) show robust, single
channel activity, which persists at steady state (Fig. 3). Under these
conditions the single channel activity of H25Q/E118+ gradually de-
creases with time, as C-type inactivation sets in (not shown).
Change to an intracellular acidic pH has only subtle effect, as stea-
dy state NPo decrease about 20% (Fig. 3B and C). This apparent
reduction in open probability could be explained by titration of
the remaining charge (E118), thus reducing the electrostatic repul-
sion among TM2 helices.
Finally, we evaluated the extent of gate opening in H25Q/E118+
channels by EPR spectroscopy, monitoring the extent of spin–spin
dipolar coupling with a spin label at position G116. Fig. 4 shows
Fig. 3. Single channel properties of C-terminal truncated H25Q/E118+. (A) Single channel activity of H25Q/E118+ at different pH values. Overall activity in this multi-channel
patch decreases slightly by changing from pH 8.0 to 4.0. Single channel currents were evoked at +100 mV in symmetric 200 mM KCl solution. (B) All points histogram of the
record in (A). (C) Estimated stationary NPo values for H25Q/E118+ at two pH values. Data shown as mean ± S.D., for an n = 4.
1136 L.G. Cuello et al. / FEBS Letters 584 (2010) 1133–1138that in wt-KcsA spectral broadening is gradually reduced in a
pH-dependent way, since lowering pH promotes gate opening,
increasing the inter-spin distance and reducing the degree of dipo-
lar coupling [4]. In contrast, the constitutively open channel shows
no signiﬁcant pH-dependent conformational changes in a wide pH
range and the extent of the dipolar broadening is compatible with
a fully open inner bundle gate. These results clearly establish that
the inner bundle gate in the H25Q/E118+ mutant is permanently
open at neutral pH and that this opening is at least equivalent to
that of wt-KcsA at low pH.Fig. 4. Conformation of the inner bundle gate. EPR spectra of the KcsA-G116C-SL
(top) and H25Q/E118+-G116C-SL (bottom) depicting changes in dipolar spin–spin
coupling at different pH values. The right panel shows the dependence of the
relative extent of opening at the lower gate on pH for KcsA-G116C-SL (red) and
H25Q/E118+-G116C-SL (black). For the open mutant, the dipolar coupling is similar
to that of KcsA at pH 3.0 for all pH values.3.3. Towards the structure of open KcsA
The constitutively open H25Q/E118+ represents an excellent
target to further understand the structural basis of activation gat-
ing in KcsA. This construct was crystallized using a similar ap-
proach as that used to obtain the high resolution structure of
closed KcsA [32]. To this end, a Fab antibody (generously provided
by R. MacKinnon) was used to make a channel-Fab complex, which
crystallized in the I4 space group [32]. The structure of H25Q/
E118+ was solved to 2.5 Å resolution using molecular replacement
methods. Unexpectedly, under present conditions the structure of
H25Q/E118+ represents a conformation of KcsA unexpectedly sim-
ilar to its closed structure (1K4C), although it revealed a slight
opening at the bundle crossing (Fig. 5). We found that the distance
difference between Ca of the closed and the partial open state at
residue T111 is 3 Å within the subunit and the extent of opening
is 4 Å at the Ca level.
Even though the present structure of H25Q/E118+ is fairly sim-
ilar in conformation to the closed state, the small structural changes
observed throughout TM1 and TM2 can be used to address basic
questions regarding the opening mechanism in KcsA. The Ca–Ca
RMSD between the closed structure (1K4C) and H25Q/E118+, illus-
trates that the core of the channel remains essentially unchanged,
but their differences increase sharply beyond two apparent hinge
Fig. 5. X-ray structure of H25Q/E118+. (A) Structural alignment of wt-KcsA (1K4C = red ribbons) and KcsA-H25Q/E118+ open mutant (white ribbons). Potassium ions (blue)
and key residues (G99 in MthK and G104 in KcsA-open mutant) for TM2 hinge movement (gray) are represented as sphere. Black arrows indicate the direction of TM2
movement. (B) Comparison of Ca–Ca RMSD between the closed structure (1K4C) and H25Q/E118+. In red are highlighted pivot points along the TM segment presumably
important for the gating process. Major changes are seen before residue G30 and after residue G104 (open circles), while the core of the protein remain unchanged (ﬁlled
circles). In the H25Q/E118+-KcsA mutant, the hinge point seems to be around G104 in contrast with the position G99 predicted based in MthK structure. (C) Mapping of B-
factors variation on top of wt-KcsA (1K4C) according a color code scale. High B-factor variances are clearly seen at the intracellular end of TM1 and TM2.
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the expected hinge point at G99, based on the structure of fully
openMthK [19].When the relative variation of the B-factors around
the local mean for speciﬁc regions of the protein are mapped onto
the H25Q/E118+ structure (Fig. 5C), it is clear that the local disorder
also increases sharply beyond the two hinge points described
above. Although comparing absolute B-factors for structures of dif-
ferent resolutions is not straightforward, contrasting B-factor devi-
ations (variance) [14] allows for a more meaningful comparison of
local (versus lattice) disorder. High B-factor variance at the intracel-
lular end of TM1 and TM2 suggests that unbalancing of the charge
cluster by means of the H25Q/E118+ mutant, makes the helix bun-
dle highly unstable resulting in channel opening, but that local dis-
order is enhanced by contrary lattice forces, which ultimately
prevent the gate from fully opening.
4. Discussion
Development of a constitutively open KcsA provides a unique
opportunity to advance the study of the molecular basis of gating
in a system amenable to a wide variety of functional, spectroscopic
and structural approaches. Indeed, Thompson et al. [27] have iden-
tiﬁed a set of mutations that render KcsA constitutively open at
neutral pH, but in contrast to our open KcsA mutant (H25Q/
E118+), their strategy was focused on developing a residual posi-
tive electrostatic ﬁeld, based on the triple mutant H25R/E118A/
E120A. Thus, whether there is a local positive or negative ﬁeld at
the end of the inner bundle gate, helix–helix electrostatic repulsion
seems to be the driving force for activation gating in KcsA.
A mutant trapped in the open conformation at neutral pH will
ﬁnally allow cysteine reactivity experiments like the substituted-
cysteine accessibility method (SCAM) [38] to be performed inKcsA. Further, such a mutant will be essential to tease out de-
tailed interactions between the activation and inactivation gates,
from a functional and structural dynamics perspective. But more
importantly, the present mutant construct will serve as a key tar-
get to attempt direct structural studies of the open conformation
of this channel. This we have vigorously pursued using an Fab-
channel complex as previously shown for the closed channel
[32]. Unexpectedly, the channel was only partially open and the
overall structure was nearer the closed state than the expected
open state (Fig. 4). However, a more careful analysis of this struc-
ture revealed that the diagonally-related subunit Ca distance dif-
ference at residue 111 between the closed and the partial open
state is 3 Å. Structural comparison of the two conformations point
that at least at this degree of opening, the gating hinge in KcsA is
located not at G99, as is typically expected from comparisons
with open MthK [19], but it shifts almost two turns of a helix
at residue G104. This ﬁnding, if conﬁrmed at larger degrees of
opening, suggest a wider range of hinge locations than previously
thought. The large B-factors observed at the intracellular side of
KcsA TM1 and TM2 are clear indicators of local disorder, suggest-
ing that by disrupting the channel electrostatic gate (the gate-
keeper), the inner helical bundle becomes unstable. At the same
time, it is likely that the present set of crystal contacts inhibits
the more complete gate opening suggested by our functional
measurements. Close inspection of the protein-Fab crystal lattice
reveals that the crystal packing is likely opposing the expanding
lateral forces exerted by electrostatic repulsion in our KcsA-open
mutant and thus, the present construct is not conducive to the
determination of the structure of full open KcsA. An ongoing ef-
fort, based on lattice engineering, has allowed for the determina-
tion of KcsA in its fully open and a host of partially open
conformations.
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